The discovery of a surface/interfacial quasi 2-dimensional electron gas (q2DEG) in SrTiO 3 [1, 2, 3] boosted expectations for novel oxide electronics due the intriguing and rich physics uncovered, including multiband and possibly unconventional superconductivity [4, 5, 6], large Rashba-like spin-orbit coupling [7] and large spin to charge conversion efficiency [8]. While magnetic effects have been reported [9, 10], several studies attributed them to weak-(para)magnetism induced by extrinsic defects, such as oxygen vacancies [11]. Here, by using in-situ high-resolution angle resolved photoemission we demonstrate that EuTiO 3 , the magnetic counterpart of SrTiO 3 , hosts a q2DEG at its (001) surface characterized by distinctive features reproduced by ab-initio calculations. In particular, we find that the exchange coupling between localized and delocalized Ti 3d electrons and magnetic Eu 4f states favors a robust ferromagnetic ground state. The results establish EuTiO 3 as a new material platform for spin-polarized oxide q2DEGs.
spectroscopy (ARPES) on in-situ grown ETO thin films and density functional theory (DFT) calculations, we show that the ETO (001) surface hosts a q2DEG, which is spin-polarized by the exchange coupling between Ti 3d and ferromagnetically ordered Eu 4f states. ETO films were grown by Pulsed Laser Deposition (PLD) on TiO 2 -terminated (001) STO single crystals, and then in-situ studied using the PLD/ARPES facility available at the Surface/Interface Spectroscopy (SIS, X09LA) beamline of the Swiss Light Source (SLS), Paul Scherrer Institute [16, 17, 18] . The electronic properties of the unreconstructed 1x1 (001) ETO surfaces (supplementary Figure S1 ) were compared to those of the (001) STO, hosting q2DEGs with a controlled 2D carrier density. The ARPES experiments were performed at a temperature of 18 K (thus above the bulk FM Tc of ETO) (see Methods). First, we show in Fig. 1a the evolution of the angle-integrated valence band (VB) spectra from reference STO q2DEG to (001) ETO thin films of different thicknesses. The data show the emergence in ETO of a narrow band 1.95 eV below the Fermi level, which is related to the Eu 2+ 4f 7 states, as distinctive features among STO and ETO (001).
In order to assess the nature of the (001) ETO surface state, in Figs. 1b-1d we report in-plane momentum (k x -k y ) Fermi surface (FS) cuts of the ETO films with different thicknesses and of an STO single crystal ( Fig. 1e ) acquired with incoming photon energy h= 85 eV and right-handed circular (C+) polarization and an out-of-plane k z momentum close to the   reciprocal lattice point of the equivalent bulk periodicity [16, 17, 18] . The FS cuts show that the ETO films are characterized by features qualitatively similar to those observed on STO: a circular ring centered on and two ellipsoids elongated in k x and k y directions. Both structures are assigned to electronic bands originating from Ti 3d-t 2g states, the ring-shaped one corresponding to light effective mass electrons having 3d xy orbital character, and the ellipsoidal ones related to heavy effective mass electrons with 3d xz -3d yz characters.
In Fig. 1f we show a k x -k z plane cut at k y = 0 measured on the 15uc ETO film by changing the incoming photon energy. The dispersion along k z (perpendicular to the surface) shows that the Fermi sheets, corresponding to the light band, have a nearly cylindrical shape and being k z -independent have a 2D-character typical of a q2DEG, while the heavy bands show a k z dispersion related to a more three dimensional-like character.
These findings, similar to those observed on the (001) STO surface state [17] , indicate that ETO(001) hosts a q2DEG at its surface.
To evaluate in detail the properties of the ETO q2DEG, in Fig. 2 14 cm -2 (STO-A) and 1.4±0.1x10 14 cm -2 (STO-B), slightly below and above that one of the ETO film (n 2D =1.3±0.1 10 14 cm -2 ). materials Fig. S2 ). The data show that the band bottom of the 3d xz and 3d yz heavy bands in the ETO q2DEG is substantially lower than the one measured in the two STO q2DEGs, independently from their carrier densities. On the other hand, the band bottom of the 3d xyderived light band in ETO is lower than the one of the STO-A q2DEG (Fig. 2d ), while it is substantially higher with respect to the STO-B sample (Fig.2d) , where it reaches values of the order of -200meV. As a consequence, the splitting at the-point between the low lying heavy and light bands in ETO, of the order of 50 meV, is smaller than the one typically measured on the STO q2DEGs and in other titanates like CaTiO 3 [19] . showing the spatial distribution and orbital polarization of the q2DEG in STO (001) and ETO(001), respectively.
Since the ETO and STO conduction bands are both formed by Ti 3d states, one may wonder why the two q2DEGs show these differences. To gain insight in this, we performed DFT+U calculations on STO and ETO (001) model surfaces (see theoretical Methods).
Since the ideal surface is insulating, we considered models for TiO 2 terminated (001) ETO and STO containing oxygen vacancies. As shown in refs. [20] , the charge from single oxygen vacancy tends to localize. Thus, we adopted a di-vacancy configuration, which instead induces the formation of a q2DEG at the STO(001) surface [20, 21] . We considered various kind of di-vacancy configurations, and in particular an out of plane divacancy configuration (see Suppl. S5), and an in plane oxygen vacancy configurations.
In agreement with previous studies on STO (001) [20] , we find that a di-vacancy in a 2x3x4a supercell, with one missing oxygen in the topmost TiO 2 layer and a second in the subsurface SrO/EuO layer at a distance of 6.2 Å (Fig 3a and 3b) is energetically favored both at the STO(001) and ETO(001) surface. Moreover, it gives also the best agreement between the ETO ARPES band dispersion data and ab-initio calculations (See Suppl. Fig.   S6 ). The spatial distribution of the 2DEG for both STO and ETO(001) is shown in Fig. 3a and 3b, respectively. although previous studies reproduced the order of magnitude of the spin splitting reported in literature [21, 24] .
In conclusion, we demonstrated the formation of a q2DEG at the (001) ETO surface and compared the electronic band structure to that one of the STO q2DEGs characterized by a similar carrier density. Ab-initio calculations show that the q2DEG is formed at the Figure S1 ).
Following the methods used in refs. [17, 18] and a vacuum of 20 Å. The calculations were performed with the Vienna ab initio simulation package (VASP) [25, 26] with the projector augmented wave (PAW) basis [27, 28] . The generalized gradient approximation was used for the exchange correlation in the implementation of Perdew, Burke and Ernzerhof [29] and an on-site effective Hubbard parameter [30] U = 2 eV and 7.5 eV was applied on the Ti 3d and Eu 4f states, respectively. The ionic positions were fully relaxed until the forces were less than 0.001 eV/Å. DFT+U calculations of several different distributions of oxygen vacancies indicate that the model considered here has the lowest energy, in accordance with previous studies for the SrTiO 3 (001) surface [20] .
Author contributions
The EuTiO 3 films were in-situ grown by Pulsed Laser Deposition (PLD) in 10 -6 mbar molecular oxygen partial pressure (base pressure 1x10 -9 mbar) at 720°C on 5x10x0.5 mm 3 TiO 2 -terminated (001) STO single crystals using the facility available at the Surface/Interface Spectroscopy (SIS, X09LA) beamline of the Swiss Light Source (SLS) -Paul Scherrer Institute. The number of unit cells (uc) (from 2 to 15 uc) and the structural quality of the films was monitored during the growth by in-situ reflection high-energy electron diffraction (RHEED) and after deposition using LEED (Low Energy Electron Diffraction). In Figs. S1a we report the intensity vs. time of the specular and first order diffraction spots during the growth of a for a 15uc EuTiO 3 (ETO) film, and in Fig. S1b 
S2 -MDC analysis.
The Momentum Dispersion Curves (MDCs) allow to localize maxima of ARPES signal in the E-k x dispersion maps, for the identification and the attribution of the recorded band features. In Fig. S2 , we show in particular the fitting of the MDCs at the Fermi level for a 15 uc ETO film and for the STO-B crystal, together with the corresponding dispersion maps, measured with s-polarization. We used multiple Gaussians to fit the data. Besides the principal light (3dxy) and heavy (3dyz) band features, from the fitting the presence of at the least an additional light band located above the lowest 3d xy band emerges (an "inner" and "outer" band). Furthermore, an additional Gaussian has to be used in order to reproduce the intensity around  in both cases. A similar fitting can be obtained using Lorentzian peak functions instead of Gaussians. In Fig. S3 , we show the high statistics band dispersion k x -cuts (around the  point in the Second Brillouin zone, cfr Fig. 2 main text) on 15uc ETO film, STO-A and STO-B samples. Here we show p-, s-, and C+-polarization maps, in false color scale, and the tight binding fit for the band identification (cf. section "Methods" in the main text for the description of the adopted procedure). The performed tight binding fits were then used to estimate the Fermi momentum and the effective masses of electrons in each band of the three samples. (collected in Table 1 in the main text) 
S4-Curvature maps
We applied the method described in ref.
[S 1 ] to extract 2D-curvature maps of the ARPES dispersions shown in Fig. 2 of the main text and in Fig. S3 to highlight the differences between ETO and STO electronic structure. The curvature maps in Fig. S4 reveal that for both STO and ETO surface states the dispersion maps substantially deviate from independent bands modeled within a tight-binding scenario near the anticrossing point and near the Fermi level, as confirmed by theoretical ab-initio calculations. In the ETO case, the deviation seems more pronounced compared to the STO cases. 
S5-Vertical di-vacancy configuration
Among the different structural configurations, alternative to the one reported in the main text, on which we performed DFT+U calculation, we report here (Fig. S5) the results obtained considering a vertical di-vacancy in a 2x2x7a supercell, with missing oxygens in the first and second subsurface SrO/EuO layers of the STO(001) and ETO(001) surfaces, respectively. Spin density integrated between -0.15 eV and the Fermi level, and layer-and element-resolved density of states, are also shown for both compounds. The calculated band dispersions (see comments in the main text) around the -point along -X and -M directions are reported in the lower panels (Figs. S5g-l). 
S6-Comparison between the DFT-U model di-vacancy configuration and experimental data
In Fig. S6 we show a comparison between the ETO and STO (sample: STO-A) ARPES band dispersion data and ab-initio calculations obtained considering configuration with a di-vacancy in a 2x3x4a supercell, considered in the main text, with one missing oxygen in the topmost TiO 2 layer and a second one in the subsurface SrO/EuO layer at a distance of 6.2 Å of the STO(001) and ETO(001) surfaces, respectively (see Fig. 3a and 3b in the main text). 
